Introduction
Lignocellulosic biomass is one of the most abundant renewable sources in nature that can be used to produce high value-added chemicals and liquid fuel. Lignocellulosic biomass mainly contains lignin, cellulose, and hemicellulose. Lignin is an integral part of the secondary cell walls of lignocellulosic biomass such as plants and some algae.
1,2 The proportion of lignin in lignocellulosic biomass is 25-35% by weight. Lignocellulosic biomass has a high energy density, causing lignin depolymerization to receive a lot of attention. 3 In 2004, almost 100 million tons of technical lignin was produced as a byproduct in the pulp and paper industry. More than 95% of the lignin was used as fuel in the chemical recovery process of alkaline pulping, while the remaining lignin was been used in other applications. 4, 5 Although the chemical recovery is essential for the economic viability of the alkaline pulping processes, approximately 10-15% of lignin can be isolated for valorization without negatively impacting the recovery processes. Therefore, there is roughly 10 million tons of technical lignin that could be available for use if a higher value-added application is found relative to its current value as a fuel.
So lignin depolymerization will be a key path for developing higher value-added applications, but currently there are limited research efforts on the topic. 6, 7 Lignin depolymerization faces great challenges due to its highly irregular polymeric structure. It is a complex three-dimensional amorphous polymer consisting of three basic phenyl-propane units (syrigyl-, guaiacyl, and p-hydroxyphenyl-propane). 8 The different phenyl-propane units are linked together by C-O and C-C bonds. The most common linkages are the b-O-4, b-1, b-5, a-O-4, and 5-5 0 linkages. 9, 10 To achieve the goal of lignin depolymerization, the primary task is to break these chemical bonds in order to decrease its molecular weight.
There are a lot of technologies including acid/base catalysed depolymerization, pyrolysis, catalytic hydrotreatment, chemical oxidation and biodegradation to produce valuable chemicals and bio-fuels. 11 In term of acid catalysts, different types of mineral acids, zeolites, Lewis acids, and organic acids had been used in lignin depolymerization. 12 For a long period of time, homogeneous acids had mainly been used for the separation and removal of lignin and to cleave the lignin into simple monomeric compounds. In 1924, hydrochloric acid was the rst homogeneous mineral acid used in lignin depolymerization and conversion. 13 The yield of aromatic monomers depended mainly on the concentration of the acid. Stronger acids can result in a higher conversion rate, but it also leads to serious corrosion of the reactor. The use of strong acid presents a very serious environment pollution problem as well.
14 Consequently, there has been an increase in the number of researchers applying environmentally friendly, solid, acid catalysts for the transformation of lignocellulosic materials.
15
Lignin contains a lot of ether bonds in the structure, and acid could effectively catalyst their cleavage. 16 The acid-catalyst plays a signicant role in hydrolytic cleavage of a-and b-aryl ether linkage. 17 Williams and Lawton found that using a catalyst with coexisting Lewis and Brønsted acids can cause signicant improvements in the overall performance of lignin depolymerization. 18 Vuori and Ekerdt also have demonstrated that solid catalysts become more active for lignin depolymerization when Lewis acids were converted to the Brønsted acids form.
19,20
Sulfated metal oxides are common strong solid acids, which include both a Lewis and Brønsted acid site. 21, 22 Deepa demonstrated that the catalytic efficiency of one-component solid acid catalyst was lower than the efficiency of a multicomponent solid acid catalyst due to the difference of each component affecting the activity and stability of the catalyst. 23 The strength and ratio of Lewis and Brønsted acid mainly rely on the concentration of the impregnation liquid and the type of oxide.
24 TiO 2 and ZrO 2 contain Lewis acid sites and therefore they could be easily used to synthesize a solid super acid. 25 Silica, a neutral support, can provide considerably high surface areas and stability, which can inuence the performance of a heterogeneous catalyst. 26 In a sulphated metal oxide, the inductive effect of S]O makes the solid super acid catalyst have a stronger Lewis acidity, whereas Brønsted acidity can form in the presence of water.
27 Sulfuric acid is the most common acidier, but it is dangerous in the process of impregnation. Ammonium persulfate is a safer acidier and therefore, was used to improve the number of Brønsted and Lewis acid sites. In this paper, a ternary solid acid catalyst containing silica, zirconia, and titanium, was synthesized. It is a stable, environment-friendly catalyst that has strong Brønsted and Lewis acid sites. In any acid catalysed lignin depolymerisation, lignin condensation is inevitable, resulting in a limited yield of aromatic monomers during lignin degradation.
28,29
Hydrogenation catalysts have commendable activity in hydrogenolysis and hydrogenation reaction, but it could alleviate selfcondensation phenomenon in lignin degradation.
30
In this study, a composite oxide solid super acid catalyst S 2 O 8 2À /ZrO 2 -TiO 2 -SiO 2 was prepared and characterized using various analytical test to investigate the catalyst properties. The effects of substrate concentration, reaction temperature, cocatalyst, and reaction time on lignin depolymerization yields using this novel catalyst system were investigated.
Material and methods

Materials
The lignin used in the experiment was Indulin AT™, which was purchased from Meadwestvaco (Shanghai, China 
Lignin depolymerization
To study the effect of substrate concentration, different amounts of lignin (by weight) were dissolved in 30 mL of dioxane-water 5 : 1 (v/v) and reacted at 270 C for 1 h with 0.1 g S 2 O 8 2À /ZrO 2 -TiO 2 -SiO 2 as catalyst, a blank experiment was also conducted. Aer dissolving 0.5 g lignin completely in 25 mL of dioxane water solvent, the homogeneous solution and 0.1 g of the solid acid catalyst were loaded into the reactor to investigate the effect of reaction temperature on lignin depolymerisation in the temperature range of 250 C to 310 C. Considering the excellent hydrogenation capability of noble metals, the hydrogenolysis catalysts (Pd/C, Pt/C, Ru/C, Rh/C) were chosen as cocatalyst, which were mixed with a ratio of 1 : 1. The performance of solid super acid and co-catalyst at different temperature and reaction time was also studied. A certain amount of lignin was dissolved in dioxane-water 5 : 1 (v/v) system and the resulting homogeneous solution and catalyst were charged in a 50 mL stainless reactor. Subsequently the reactor was repeatedly ashed with hydrogen three times to remove all atmosphere air from the reactor. The reactor was pressurized with hydrogen at 2 MPa. Ultimately the reactor was heated to the desired temperature with 700 rpm magnetic stirring. When the reaction ended, the reactor was rapidly cooled by immersion in a cold-water bath. Liquid product was separated from solid residual by ltration. The solid fraction was washed with dioxane three times and dried at 60 C. The solid residual product includes catalyst and char from the lignin. The weight of char (W C ) was obtained by subtracting the weight of catalyst (W Cat ) from the weight of the solid residual product (W R ). GC-MS was used to identify the liquid products to obtain the most likely aromatic compounds (A), and the products were nally identied and quantied by GC. The yields of aromatic compounds were calculated using an internal standard (acetophenone). Due to the absence of standard sample of known aromatic compounds, the average correction factor of the identied aromatic monomers was used as the correction factor to estimate the yield of unknown aromatic compounds. 31 The weight of aromatic compound was calculated as follows:
the weight of aromatic compound, A i : the peak area of aromatic compound, M s : the weight of acetophenone, A s : the peak area of acetophenone, f: correction factor.
The liquid product was divided into two equal part and all the solvent in liquid product parts was removed by rotary evaporator to obtain the weight of the liquid product (W LP ). One of the liquid products was dissolved in 1 mL of acetone, and the solution was added dropwise into 200 mL of petroleum ether. The soluble petroleum product was separated from the insoluble petroleum ether product by centrifugation. Finally, rotary evaporator was used to remove the petroleum ether to obtain petroleum ether soluble product (PES). The other part was extracted with 100 mL ethyl acetate and the ethyl acetate soluble product (EAS) was separated from ethyl acetate insoluble product by centrifugation. The ethyl acetate was evaporated under reduced pressure at 35 C to obtain the weight of ethyl acetate soluble (W EAS ). The yield of product was calculated by the following equations (eqn (1)- (6)). 
Analysis methods
2.4.1 Catalyst characterization. EDS was used to analyse elements in the solid super acid. The surface of the catalyst was observed by the scanning electron microscope (SEM; SIRION200, USA). The detailed information of the chemical bond in the catalyst was provided by Fourier transform infrared spectrometry (FT-IR; Nicolet 8700, USA).
2.4.2 Product analysis. Gas chromatography/mass spectrometry (GC-MS, QP2010S, Shimadzu, Japan) equipped with Rtx-5MS column (30 m Â 25 mm Â 0.25 mm) was used for qualitative analysis of the volatile products. The oven temperature was programmed to hold for 3 min at 40 C, ramp up to 180 C at 4 C min À1 , then ramped up to 260 C at 10 C min À1 , and held for another 10 min. Helium was used as the carrier gas. Quantitative analysis of the volatile products was detected by SHIMADZU GC-2010 gas chromatograph with a FID and a WondaCAP5 column. The oven temperature was programmed to hold for 3 min at 50 C, ramp up to 250 C at 10 C min À1 , and hold for 10 min. The injector was kept at 280 C in spit mode (5 : 1) with helium as the carrier gas.
3 Results and discussion 3.1 Catalysts characterization 3.1.1 FT-IR analysis. Fig. 1 33 It has been demonstrated that lignin degradation product soluble in petroleum ether consist mainly of monomeric and dimeric products whereas those soluble in ethyl acetate contains mainly of oligomeric degradation products. [31] [32] [33] [34] As shown in Table 1 (entries 1-4), the substrate concentration had little inuence on the yields of aromatic compounds, petroleum ether soluble, and ethyl acetate soluble. Furthermore, by comparing entry 3 with entry 5 in Table 1 , the yield of ethyl acetate soluble increased from 52% to 91% when the solid super acid was used. These results indicate that solid super acid is an effective catalyst that can break lignin down to oligomeric compounds. In addition, the char was twice higher without the addition of the solid acid catalyst as shown in Table 2 (entry 3 vs. entry 5). Since sowood kra lignin is completely soluble in the solvent system, the amount of char formation indicates the extent of condensation of lignin and its degradation products. 
Inuence of temperature.
The product results are shown in Fig. 2 and 3 . It can be seen in Fig. 2 , the yield of aromatic compounds and petroleum ether soluble increased with increasing temperature. However, the yield of ethyl acetate soluble increased initially with increasing temperature and reached the maximum value (91%) around 270-280
C. Thereaer, it decreased gradually as the temperature increased from 280 C to 310 C. Effect of temperature on product distribution is shown in Fig. 3 . The yield of liquid product reached 98% and the yield of char was about 1% at 250 C. As the temperature increased from 250 C to 310 C, the yields of both char and volatile product increased to 7% and 2%, respectively, whereas liquid product gradually decreased to 91% at 310 C. The decrease in both ethyl acetate soluble and liquid product in addition to the presence of char are clear indications of the occurrence of condensation reactions between lignin and its degradation products. Considering the data presented in Fig. 2 and 3 , it is obvious that both degradation and condensation of lignin occur simultaneously during the reactions. High temperature favours both degradation and condensation reactions. We consider 270 C as the optimal temperature as it gives maximum yield of ethyl acetate soluble (oligomeric lignin products, $91%) and minimum amounts of residue ($3%) and volatiles ($1%).
Inuence of co-catalyst.
Although the solid super acid catalyst is effective in lignin depolymerization, it also causes lignin condensation. Catalytic hydrogenation is known to minimize condensation reaction. 33, 35 Carbon supported metal catalysts, Pd/C, Pt/C, Ru/C, and Rh/C, were investigated individually as a co-catalyst to the solid acid catalyst, which were mixed with a ratio of 1 : 1. The reaction was carried out at 270 C for 1 hour, keeping other conditions the same as before. Control experiments, one without co-catalyst and one with Pt/C as the only catalyst, were also carried out to explore the effect of cocatalyst on lignin depolymerization under the same conditions. The distribution of liquid product, char and volatile products are shown in Fig. 4 . As expected, the amount of char formed decreased when any of the hydrogenation catalysts were used as co-catalyst. The yields of degraded lignin products are summarized in Table 3 . Except for Pt/C used alone, the yield of ethyl acetate soluble was high, approximately 90%, regardless of whether the solid acid catalyst was used with or without the cocatalyst, indicating that the solid acid catalyst, used alone or with co-catalyst, is efficient in depolymerizing lignin to oligomeric products. The hydrogenation catalyst Pt/C is apparently not effective in depolymerisation of lignin, as the yield of ethyl acetate soluble was only 58% as opposed to 91% with solid acid catalyst (entry 6 vs. entry 1). The yield of petroleum ether soluble more than doubled when the co-catalyst was used with the solid acid catalyst suggesting that suppression of condensation may be a factor in the yield of monomeric and dimeric products.
3.2.4 Inuence of reaction time. The positive effect of the addition of co-catalyst in suppressing condensation prompts us to investigate if longer reaction times can increase the yields of degradation products. Pt/C was selected as co-catalyst for further research. The effect of reaction time on the degradation products was investigated under the same conditions as shown in Table 3 except the reaction temperature was increased to 310 C as more char and volatile products were formed at this temperature (Fig. 3) . Blank control experiments were also carried out for comparison. The effect of reaction time on the distribution of liquid product, char and volatile product is shown in Fig. 5 . With or without the co-catalyst, the solid acid catalyst can supress char formation, presumably due to their ability to promote lignin degradation. The effect of the cocatalyst in suppression of char formation becomes obvious only aer long reaction time (18 and 24 hours) . Fig. 5 also shows that the solid acid catalyst with the co-catalyst appears to increase the amount of volatile product. However, the yields of volatile product are relatively small, increasing from 3% to 8% when the reaction time was extended from 1 to 24 hours. In the meantime, the yield of liquid product decreased from 91% to 84% with the remaining char. It is noteworthy that, at 12 hours, the yield of char reached the maximum (11%), but it is reduction with the extension of time, because the residue have further reaction in the experiment. Without the co-catalyst, the amount of char increased from 7-15% as the reaction time was extended from 1 to 24 hours. Without either catalysts, the char formation increases to 25% in a 24 hour period. The effects of reaction time on the yields of aromatic compounds and petroleum ether soluble are shown in Fig. 6 and 7, respectively. While both increase steadily with increasing time, the effect of the catalysts is apparent, indicating the ability of the solid acid catalyst to catalyse the depolymerisation of lignin to monomeric and dimeric products. As shown in Fig. 7 , the yield of petroleum ether soluble increased from 30% to 46% when the reaction time was prolonged from 1 hour to 24 hours using both the solid acid and Pt/C as catalysts. The yield of petroleum ether soluble increased from 18% to 42% without the co-catalyst and increased from 8% to 25% without any catalyst. Surprisingly, the yield of ethyl acetate soluble fraction (which represents oligomeric lignin degradation products) as a function of reaction time, behaved differently as compared to the yield of aromatic products and the petroleum ether soluble fraction (which represents the monomeric and dimeric products). As shown in Fig. 8 , the yield of ethyl acetate soluble declined steadily, as reaction time was extended from 1 to 24 hours. The results also showed the ability of the solid acid and the co-catalyst to catalyze the depolymerization of lignin. When the reaction time was extended from 1 hour to 24 hours and catalyzed by solid acid catalyst and co-catalyst Pt/C, the yield of liquid product decreased from 91% to 84% (Fig. 5) . Meanwhile, the ethyl acetate soluble decreased from 89% to 82% (Fig. 8) , indicating that the liquid product produced in the reaction with the acid catalyst with Pt/C as co-catalyst is almost exclusively ethyl acetate soluble. The results shown in Fig. 5-8 also give support to the earlier conclusion that both degradation and condensation occur simultaneously during the reaction and that the acid catalyst, without co-catalyst, can promote degradation reactions and suppress the condensation reactions, what's more, the acid catalyst used with co-catalyst have more excellent effect in suppress the condensation reactions in the reaction.
3.2.5 Investigation of the catalyst lifetime. In this experiment, a 3-cycle experiment was carried out to examine the recycle of the catalyst. The reaction condition was at 310 C, 1 hour and with 0.1 g catalyst. Aer the reaction, the catalyst was ltered, then washed with 1.4-dioxane and acetone, and lastly dried in oven at 80 C. The effect of the reaction cycles on the yield is shown in Fig. 9 . As can been seen from Fig. 9 , at the rst cycle the yield of petroleum ether soluble was 18%, aer 1 cycle, the yield decreased to 16% and the yield on the 3rd cycle was 13% which is very similar to the yield of the 1st cycle. The yield of aromatic compound and ethyl acetate soluble only decrease by 1.3% and 5% aer 3-time cycles. Considering the data presented in Fig. 10 , with an increasing number of reuse cycles, the yield of volatile product have little change. And the yield of char increased from 7% to 10%. This result indicates that the catalyst is partly deactivated but most of the activity is preserved aer 3 cycles. 3.2.6 The leaching of Brønsted acid. The NH 3 -TPD was performed to obtain the concentrations of the acid sites and the TPD proles was displayed in Fig. 11 . The fresh catalyst has two temperature regions, located at 100-700 C and 700-1000 C. The high temperature acid sites correspond to the Brønsted acid sites, whereas the low temperature acid site are Lewis acid sites due to the generally weak basicity.
36-38
The amount of NH 3 absorbed was shown in Table 4 . The amount of NH 3 absorbed signicantly decreases aer 1-cycle. However, the catalyst which was cycled 3 times has similar ammonia desorption patterns with 1-cycle. The peak at about 800-900 C characterizes stronger acid sites, and aer three cycles of the catalyst, the peak intensity signicantly decreases. The area of peak, in the low temperature region, is slightly decreased aer 1-cycles. The result indicated that leaching of Brønsted acid actually occurred in the rst recycle reactions. But leaching of Brønsted acid is nearly invariable with an increasing number of reuse cycles. The result shows that the product yield only slightly decreased aer the catalyst is re-used up to 3 reaction cycles. As can been seen from Table 4 , leaching of Brønsted acid only occurred during the rst cycle. The result indicates that leaching of Brønsted acid, during the rst cycle, is useless for lignin depolymerization. However, as seen from the recycle result, the product yield only slightly decreases aer the catalyst is re-used up to 3 reaction cycles. It indicates that the leaching part of Brønsted acid is ineffective or inefficient to lignin depolymerization. Previous research has shown that the sulfate group binding with metal oxide surface in a chelating bidentate fashion can show the catalytic activity. 39 
Conclusions
Solid super acid catalyst (S 2 O 8 2À /ZrO 2 -TiO 2 -SiO 2 ) which both have Brønsted acid and Lewis acid functionality was prepared and its performance for degradation of lignin was investigated in this study. In the control experiment with no catalyst, the yield of ethyl acetate soluble fraction was 52% as compared a yield of 90+% with the solid acid catalyst. This demonstrated that solid acid catalyst was an effective catalyst for lignin depolymerization. When S 2 O 8 2À /ZrO 2 -TiO 2 -SiO 2 and Pt/C was used in a ratio of 1 : 1, the yield of petroleum ether soluble fraction increased to 46% at 310 C for 24 hours. The yield of char reached its maximum value (11%) aer 12 hours and decreased when the reaction time was extended to 24 hours, because residue in this experiment undergoes further reaction at the prolonged reaction times. These results show that the use of a combination Brønsted and Lewis acid catalyst in combination with a hydrogenation catalyst opens a practical route for efficient lignin depolymerization.
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